Background: The sterile insect technique (SIT) is a vector control strategy relying on the mass 26 release of sterile males into wild vector populations. Current sex separation techniques are not 27 fully efficient and could lead to the release of a small proportion of females. It is therefore 28 important to evaluate the effect of irradiation on the ability of released females to transmit 29 pathogens. This study aimed to assess the effect of irradiation on the survival and competence 30 of Anopheles arabiensis females for Plasmodium falciparum in laboratory conditions.
Introduction
non-immune AB serum (see Additional file 1). Mosquitoes were starved of glucose solution for 181 12 h prior to the exposure. Three to six day old female mosquitoes, emerged from irradiated or 182 control pupae, were allowed to feed on this blood for one hour. Non-fed or partially fed females 183 were removed and discarded, while the remaining fully-engorged mosquitoes were maintained 184 in a biosafety room under standard insectary conditions (27 ± 2°C, 70 ± 10 % RH, 12:12 LD) . 185 Mosquitoes were provided with a sugar meal consisting in a 5 % glucose solution on cotton 186 wool following blood-feeding. 187 188 Experiment 1: Effects of irradiation on An. arabiensis competence for P. 189 falciparum. 190 Competence was characterized by infection prevalence (i.e. the proportion of 191 mosquitoes that develop infection upon feeding on an infectious bloodmeal) and intensity (i.e. 192 the average number of parasites among infected mosquitoes). Infection prevalence and intensity 193 were here gauged at two distinct points in time over the course of infection (Table 1) :
On day 7 post-bloodmeal (dpbm), the midguts of a total of 383 irradiated females and 195 378 control females fed with blood from one of 8 gametocyte carriers (Table 1) were dissected, 196 stained with 2 % mercurochrome, and the presence and number of oocysts (immature, non-197 transmissible stage of malaria parasites) were recorded using light under the microscopy 198 (×400).
199
(ii) On 14 dpbm, the heads and thoraces of a total of 473 irradiated and 489 control females 200 fed with blood from one of 10 gametocyte carriers (Table 1) Two assays were performed to gauge the effect of irradiation on An. arabiensis survival.
226
First, as part of the previous experiments, the survivorship of irradiated and unirradiated-control 227 mosquitoes exposed to each parasite isolate (n = 14 isolates) was monitored from 1 to 7 days 228 post-treatment (isolates A, C, D and G) or from 1 to 14 dpbm (isolates E, H, I, J, K, L, M, N,
229
O, P). Every morning at 08:00, dead mosquitoes were removed and counted from each cage.
230
The remaining alive mosquitoes used for midgut dissection at 7 and/or 14 dpbm (experiment 1) 231 were considered in the analysis and given a censoring indicator of "0".
232
Second, to determine how parasite infection and irradiation interact to influence 233 mosquito longevity, a membrane feeding assay was performed following the same general 234 procedure as described above except that a group of uninfected control mosquitoes was added, 235 and that survival was monitored until all the mosquitoes had died. Uninfected control 236 mosquitoes received heat-treated gametocytic blood to kill the parasite gametocytes as 237 previously described (Sangare et al., 2013; Hien et al., 2016; Nguyen et al., 2017) . For each 238 group (irradiated-parasite exposed, irradiated-parasite unexposed, control-parasite exposed and 
Statistical analyses 255
All statistical analyses were performed in R (version 3.6.1). Logistic regression by 256 generalized mixed linear models (GLMM, binomial errors, logit link; lme4 package) were used 257 to test the effect of irradiation on (i) the prevalence of oocysts and sporozoites (experiment 1),
258
(ii) the proportion of infected mosquitoes with ruptured oocysts (experiment 2), (iii) the Figure 1A ). Although no significant effect of gametocytemia on oocyst 292 prevalence was found (LRT X 2 1 = 0.2; P = 0.65), there was an interaction between irradiation 293 and gametocytemia (LRT X 2 1 = 19.5; P<0.001). In particular, while irradiation reduced 294 mosquito infection rate of parasite isolates C, D, G, I, it had no effect on A, E and even slightly 295 increased the infection rate of isolates H and J ( Figure 1A ).
296
The mean number of developing oocysts in infected females (i.e. intensity) was not 297 significantly affected by irradiation (LRT X 2 1 = 0.0017; P = 0.97, Figure 1B ). Gametocytemia 298 had no effect on intensity (LRT X 2 1 = 0.54; P = 0.46, Figure 1B ). There was a significant 299 interaction between gametocytemia and treatment (LRT X2 1 = 9.58, P = 0.002, Figure 1B ) such 300 that irradiation either decreased (isolates A, G, H), increased (C, D) or had no effect (E, I, J) on 301 oocyst intensity. The proportion of mosquitoes with disseminated sporozoites in their head/thorax was 306 similar between irradiated and control females (control: 248/489 = 50.7 ± 4 %; irradiated: 307 257/473 = 54.3 ± 5 %, LRT X 2 1 = 2.56, P = 0.11; Figure 1C ). There was no effect of 308 gametocytemia on sporozoite prevalence (LRT X 2 1 = 0.12, P = 0.73, Figure 1C ), and a 309 marginally non-significant interaction between irradiation and gametocytemia (LRT X 2 1 = 3.5, 310 P = 0.06, Figure 1C ).
311
The mean number of amplification cycle during qPCR (the lower the Ct, the higher the 312 sporozoite intensity) did not vary with irradiation (mean Ct irradiated = 25.57 ± 0.32 (n = 257), 313 mean Ct control = 26.02 ± 0.33 (n = 248), LRT X 2 1 = 0.55, P = 0.46, Figure 1D ). Gametocytemia 314 had a significant effect on sporozoite intensity (LRT X 2 1 = 7.7, P = 0.006), with higher 315 gametocyte density in blood leading to an increase in sporozoite density in mosquito head and 316 thoraces. Finally, there was no interaction between irradiation and gametocytemia on sporozoite 317 intensity (LRT X 2 1 = 0.04, P = 0.85). Figure 2B ), further suggesting that irradiation speeded up oocyst maturation and sporozoite 334 release.
335
Finally, the proportion of oocyst-infected mosquitoes with disseminated sporozoites in 336 their head/thorax was not affected by irradiation treatment (LRT X 2 1 = 2, P = 0.12, Figure 2C ).
337
There was no main effect of gametocytemia on the proportion of oocyst-infected mosquitoes 338 with disseminated sporozoites in their head/thorax (LRT X 2 1 = 1.65, P = 0.2). There was a 339 significant interaction between gametocytemia and treatment (LRT X 2 1 = 4.6, P = 0.03), with In the first assay, the survival of females exposed to one of 14 parasite isolates was 345 monitored from 1 to 7 dpbm or from 1 to 14 dpbm (Table1). The overall survival rate from 1 346 to 7 dpbm (isolates A, C, D, G) was very high, with only 3.9 % of mosquitoes (13 / 333) that 347 died between 1 to 7 dpbm, and there was no survival difference between irradiated and control 348 non-irradiated mosquitoes (LRT X 2 1 = 1, P = 0.31, Figure 3A ). However, from 1 to 14 dpbm = 22.3, P < 0.001, Figure 3B ).
In the second assay, the survival of irradiated mosquitoes exposed to parasites (n = 55), 353 irradiated unexposed (n = 49), unirradiated exposed (n = 52) and unirradiated unexposed (n = 354 45) females was monitored from 1 to 35 dpbm, when the last mosquito died. The DNA of 355 parasite-exposed dead mosquitoes was extracted to detect the presence of P. falciparum using (Table 1) , there 359 was no effect of irradiation on mosquito survival (LRT X 2 1 = 0.04, P = 0.84, Figure 3C ).
360
Infection did not significantly reduce mosquito survival (LRT X 2 1 = 0.05, P = 0.82, Figure 3C ).
361
Finally, there was a marginally significant interaction between irradiation and infection (LRT 362 X 2 1 = 4, P = 0.045, Figure 3C ), such that irradiation resulted in an increased lifespan in infected 363 mosquitoes but caused a reduced lifespan in uninfected mosquitoes. irradiated An. arabiensis to P. falciparum oocysts is also dose-dependent.
404
In this study, the effect of irradiation on mosquito infection strongly varied among 405 parasite isolates (Figure 1) . Why irradiation reduced An. arabiensis competence for some 406 parasite isolates and not others is unclear. We first postulated that the natural blocking immunity 407 of the human host could play a role. To test this possibility, the natural serum of isolates K to P 408 was replaced by naive AB serum (Gouagna et al., 2004; Da et al., 2015; Stone et al., 2018) 409 (Additional file 1). Similar to assays using unchanged natural serum (isolates A to J), assays 410 with serum replacement showed either increased (L, N, O, and P) or decreased (K and M) 411 infection in irradiated mosquitoes (Additional file 1: Figure S2 ). Because the characterization 412 of vector competence for oocyst and sporozoite stages partly relied on different gametocyte 413 carriers (Table 1) , such isolate-dependent effect of irradiation could also explain why, on 414 average, the sporozoite infection rate of irradiated individuals was not significantly lower than 415 that of unirradiated-control individuals ( Figure 1C ). Here, we used wild parasite isolates from 416 a geographic area characterized by an important genetic diversity (Somé et al., 2018) .
417
Accordingly, some parasite clones might perform well in irradiated mosquitoes while others 418 would be more infective to non-irradiated mosquitoes. Future genotyping studies of the parasite 419 population used to perform the experimental infections of irradiated mosquitoes would be 420 required to explore this possibility.
421
Our results suggest an earlier sporozoite invasion of salivary glands among irradiated 422 females. This is supported by the higher proportion of infected mosquitoes with ruptured 423 oocysts (Figure 2A) , the higher proportion of ruptured oocysts ( Figure 2B) , and the higher 424 proportion (although not significant) of infected mosquitoes with sporozoites at 14 dpbm 425 ( Figure 2C ). Gamma-irradiation might speed up Plasmodium development within anopheles 426 vectors. Shorter parasite's Extrinsic Incubation Period (EIP) following insect host irradiation 427 was previously described in Trypanosoma sppinfected tsetse flies (Moloo, 1982) . In this 428 system, the parasite migration to the haemocoel occurred earlier in irradiated than in This was supposed to induce nutritional stress in mosquitoes and help to better detect possible 448 effects of radiation on survival (Roux et al., 2015; Poda et al., 2018) . Inconsistent effects of 449 irradiation on the survival of mosquito females were previously observed, with some studies 450 reporting either lifespan reduction (Terzian, 1953; Brelsfoard, St Clair and Dobson, 2009) , no 451 effect (Darrow, 1968; Wakid et al., 1976; Brelsfoard, St Clair and Dobson, 2009; Dandalo et 452 al., 2017) or even increase (Brelsfoard, St Clair and Dobson, 2009 Sporozoite prevalence: the number of mosquito head/thorax detected positive to P. falciparum using qPCR out of the total number of dissected head/thoraces N total = 473 N total = 489 47.3 ± 3.7 (50) 48.9 ± 4.35 (48.5) Sporozoite intensity: The mean number of amplification cycle during qPCR (the lower the Ct, the higher the sporozoite intensity) N total = 257 N total = 248 25.7 ± 2.7 (26) 24.8 ± 4.7 (23.5) [7-59]
Experiment 2:
Effects of irradiation on P. falciparum oocyst rupture in mosquito guts and sporozoite dissemination in head/thoraces 14 dpbm K (72), L (168), M (32), N (136), O (96), P (96) Proportion of infected mosquitoes with ruptured oocysts: the number of mosquitoes with at least one ruptured oocyst out of the total number of infected mosquitoes (i.e. harboring either intact and/or ruptured oocysts) N total = 276 N total = 243 Proportion of ruptured oocysts: the number of ruptured oocysts out of the total number of oocysts (intact + ruptured) 24 ± 5 (23) 20.7 ± 4 (18.5) Proportion of oocyst-infected mosquitoes with sporozoites in their head and thorax: the number of oocyst-infected mosquitoes harboring sporozoites in their head/thoraces out of the total number of infected mosquitoes
Experiment 3:
Effects of irradiation on An. arabiensis survival 1-7 dpbm A (64), C (160), D (88), G
From 1 to 7 dpbm, the number and time of death was recorded among mosquitoes exposed to the infectious blood-meal N total = 165 N total = 168 41. 25 ± 11 (35.5) [22-72] 42 ± 8.7 (41.5) [24-61] 1-14 dpbm E (32), H (56), I (48), J (32), K (72), L (168), M (32), N (136), O (96), P(96) From 1 to 14 dpbm, the number and time of death was recorded among mosquitoes exposed to the infectious blood-meal N total = 880 N total = 803 88 ± 9.9 (85.5) 80.3 ± 11.9 (62.5) 
